This paper presents an overview of the magnetic gearing research being conducted at NASA. First, the research is motivated through an in-depth discussion of the Agency-level aeronautics vision, the benefit of geared drivetrains, the barriers to applying mechanical gears in future aircraft concepts with electrified aircraft propulsion, and the characteristics of magnetic gears that allow them to overcome said barriers. Next, the principles of operation and current limitations of magnetic gears are discussed in the context of future electrified aircraft. Then, the authors' vision for the magnetic gearing research that will be needed to enable the next generation of electrified aircraft is presented. Lastly, the recent and ongoing magnetic gearing research at NASA is described, with a focus on the development and capabilities of a new rotating test rig and preliminary static measurements of a new in-house prototype. Results thus far are summarized.
Introduction
T o enable the next generation of fixed wing and vertical lift aircraft, NASA has set goals for aircraft efficiency, emissions, reliability, and noise [1] . In its recently updated aeronautics strategic plan [1] , NASA noted the importance of parallel large and small aircraft development and also recognized the economic benefits of alternative propulsion. Specifically, electrified aircraft propulsion (EAP) was identified as a key enabler for low-cost, environmental-friendly, small aircraft for emerging markets, such as the short haul market.
To help meet its mid-term and long-term goals for fixed wing aircraft, NASA is investing in a broad portfolio of enabling research and development for EAP [2] . System-level studies have been performed on a number of vehicle concepts that use EAP. These studies have shown the feasibility of achieving system-level benefits to energy consumption, fuel burn, and/or emissions [3] [4] [5] [6] [7] [8] [9] .
The EAP concepts that have been proposed span a broad array of payload, range, airframe configuration (e.g., distribution of the propulsion, amount of boundary layer ingestion), electrical power, and electrified propulsion system (turboelectric, parallel hybrid, all-electric, etc.). One commonality between all of the designs is the presence of electric machines (i.e., electric motors and, in some cases, generators). A design challenge of using electric motors to drive propellers is that, for a given power, the specific power and/or efficiency of an electric motor increases as its tip speed increases whereas the propulsive efficiency of a propeller increases as its tip speed decreases. Consequently, directly driving the propeller with an electric motor requires a compromise in speed between the two and an optimization of the propeller-motor system. An alternative is to connect the motor to the propeller through a speed reducing gearbox. This approach adds complexity and potentially reduces reliability but permits the motor and propeller to be optimized individually. A second challenge with the direct drive approach is that when noise is a concern, the propeller's tip speed must be reduced by slowing its rotation or reducing its diameter; in either case, the directly connected motor ends up occupying a larger fraction of the propeller's cross-sectional area, which reduces propulsive efficiency. With a geared motor, this penalty can be avoided by increasing the gear ratio to reduce the propeller's speed rather than decreasing the motor's speed, which would require a commensurate increase in its rated torque and diameter.
Mechanical power transmission in existing aircraft utilizes conventional mechanical gears that transmit torque through physical contact between mating gear teeth. This high-speed, high-pressure contact causes several problems, including energy loss, vibration-induced noise, tooth wear, and the possibility of tooth failure. In addition, a lubrication system is required to reduce friction and prevent gearbox failure due to a rapid buildup of heat in the teeth. Friction-induced heating becomes more severe as the torque and speed of a gear stage increases. Consequently, high power gearboxes (e.g., those in larger civilian rotorcraft) must be certified to survive for a certain amount of time under loss of lubrication [10] [11] [12] ; this commonly necessitates a backup lubrication system. Future subsonic transport and short haul aircraft that employ gears may be subjected to similar constraints.
In conventional transport aircraft, mechanical gears can be utilized in the aircraft's two to four large turbofans with a reasonable maintenance penalty. In many short haul concepts, the propulsion is distributed over several electric motors that could each benefit from a dedicated gearbox. However, mechanical gears are seldom implemented, because the imposed maintenance penalty would be costly. Gears that avoid the lubrication and maintenance limitations of mechanical gears can enable advances in the specific power and/or efficiency of electrified propulsion systems, particularly in short haul aircraft.
It was recognized over 100 years ago that magnets could be used to transfer torque through magnetic forces to prevent the physical contact between gear teeth [13] . Thus, magnetic gears eliminate the lubrication requirements, failure mechanisms, and reliability concerns of mechanical gears. Magnetic gears may also have a reduced vibration signature due to their lower mesh stiffness (lower force induced by motion transfer errors) and expected lower variation in mesh stiffness (smaller parametric excitation). Initially, magnetic gearing technology evolved slowly, because magnets were relatively weak and the designs were significantly heavier than mechanical gears for a given torque capacity. However, in the last 10 years, this technology has advanced substantially [14] . Commercial applications for the wind turbine and automotive industries have been developed. The state-of-the-art designs are lightweight enough to begin considering for aerospace applications [15] .
The potential benefits of magnetic gearing for aerospace applications has prompted NASA to establish a 2-1/2 year project to develop a core competency in magnetic gearing. The project is divided into three phases. Phase one focuses on gaining a core understanding of the technology and increasing its specific torque (torque/mass). The second focuses on reducing the detrimental effect of high speed operation on the efficiency and specific torque of magnetic gears. The third phase explores the integration of magnetic gears into motors.
In the following section, the principles of operation and current limitations of magnetic gears are discussed in the context of future electrified aircraft. Then, the authors' vision for the magnetic gearing research that will be needed to enable the next generation of electrified aircraft is presented. Lastly, the recent and ongoing magnetic gearing research at NASA is described, with a focus on the development and capabilities of a new rotating test rig and preliminary static measurements of a new in-house prototype. Results thus far are summarized. This paper is similar to a recent one published by the authors [15] , which focused on trends and lessons learned in prototype development for vertical lift applications. Here, an overview of that work is provided in the context of fixed wing applications along with a detailed description of the testing capabilities.
Background
To provide a framework for the discussions that follow, this section provides a brief summary of the history of magnetic gearing, their principles of operation, and their current limitations. For a broader and more thorough review, refer to [14, 16] . For a more in-depth discussion of the principles of operation, refer to [15] .
Principles of Operation
The first magnetic gear was invented in 1901 [13] . Early designs (until the 1960s) resembled mechanical spur gears, but with each gear tooth replaced by a magnetic source. In most of the early designs, electromagnets were used as the magnetic source rather than permanent magnets, because the permanent magnets available at the time were significantly weaker than present day magnets, as demonstrated in Fig. 1 . After the invention of higher strength magnets in 1966 and 1983, the use of permanent magnets became commonplace. Around the same time, new configurations were developed that achieved large improvements in torque capacity by simultaneously engaging multiple magnets. The concentric (coaxial) versions of these high-magnet-engagement designs evolved from simple analogs of mechanical planetary gear stages to out-of-the-box designs that harness the unique characteristics of magnetism and function like, but only partially resemble, mechanical planetary gears.
The current state of the art is a high-magnet-engagement design called the concentric magnetic gear (CMG), Fig. 2 . The CMG was invented in 1968 by Martin [18] , but its potential was not realized until 2001 when Atallah and Howe developed the mathematics that enable its design for high torque density (torque/volume) [19] . The CMG has two permanent magnet members that contain different numbers of magnetic poles and behave like the ring and sun gears of a mechanical planetary. A flux modulator, located in-between the magnetic ring and sun gears, acts like the planet gears. It consists of alternating sections of ferromagnetic and non-magnetic material and uses a principle called flux modulation to allow all of the magnetic poles in the sun and ring to engage with one another in a way that produces a gear ratio. This full engagement of all the magnetic poles enables the CMG to have higher torque density than other embodiments of magnetic gearing. Further improvements on the CMG's torque density were made by using Halbach arrays in both the sun and ring gears. A Halbach array combines multiple magnets in a specific orientation pattern to produce a focused and nearly sinusoidal magnetic flux field without the use of ferromagnetic materials [20] . Li et al. [16] numerically compared a CMG with Halbach arrays to other forms of concentric magnetic gearing and found it to have the highest torque density and lowest torque ripple. Currently, the CMG is the most developed form of magnetic gearing.
Fig. 2 Concentric magnetic gear (CMG) and its analogy to a mechanical planetary gear stage.
The 2D magnetic response of an example CMG is depicted in Fig. 3 , where only the ring and flux modulator are included for explaining flux modulation. The closed loops indicate the paths taken by magnetic flux. The radial component of magnetic flux density is represented by color, where blue is inward and red is outward. Here, the ring gear is a Halbach array composed of 24 pole pairs, which each contain 6 magnets. The array produces a circumferentially-periodic flux pattern at its inner surface with a periodicity that is controlled by the number of magnetic pole pairs in the ring. The fundamental wavelength, or period of repetition, is 15 • , or 360 • ⁄ 24. this fundamental corresponds to a spatial harmonic order of 24. The presence of the flux modulator causes some of the flux produced by the ring gear to project inside the flux modulator with a wavelength of 60 • , or 4 times that of the ring's fundamental. The modulated flux waveform corresponds to a spatial harmonic order of 6, as demonstrated in Fig. 3b , which depicts the radial flux density near the inner surface of the modulator. The spectrum includes strong 6th and 24th order components, indicating only partial modulation of the ring's fundamental 24th order harmonic. The unintended higher harmonics that are present are caused by the ring itself and the modulator. The CMG produces a gear ratio based on how the modulated 6th order harmonic rotates as the ring gear is rotated. While the modulator is fixed, if the ring in Fig. 3a is rotated by one period (15 • ) so that pole piece A is centered on magnet 2, rather than magnet 1, the system reaches an identical position to that depicted. Thus, the modulated waveform must also rotate a full period (60 • ), or 4 times further than the ring. The CMG is completed by adding a sun gear that produces a 6th order harmonic that directly interacts with the modulated 6th order harmonic. The fundamental relationship that enables commensurate spatial harmonics to be produced is
where q is the number of modulator pole pieces, and p h and p l are the number of pole pairs on the high and low speed rotors, respectively [14] . Like a planetary gear set, any of the members of the CMG may be fixed and the other two used as rotors. The gear ratio of the CMG is defined by the relative number of pole pairs in the same way that the relative number of gear teeth defines the gear ratio in mechanical gearing. If the modulator is the fixed member, the gear ratio is defined by the pole ratio according to
and the rotors spin in opposite directions. If the ring is fixed, the ratio is slightly higher,
and the rotors spin in the same direction.
Research needs
Despite having high potential for aeronautics applications, magnetic gearing is a relatively immature technology with a number of limitations that should be addressed. Most of these research needs arise from the different and often more demanding design criteria for the aeronautics applications of interest compared to the typical applications to date (wind energy, robotics, and automotive). Even for a given application, Gardner et al. demonstrated that there is a considerable variation in the optimal design of a CMG based on whether it is optimized to minimize volume, mass, or cost [21] . The two primary distinctions between most aeronautics applications and the contemporary applications are that the aeronautics applications demand minimal mass and higher speed (and usually higher efficiency). In most of the typical applications, the CMG is designed to maximize torque density.
Minimizing the mass of a prime mover-gearbox-propeller/fan system favors using a lower torque, higher speed prime mover, which requires a gearbox with a higher reduction ratio. The ratio of a mechanical planetary gear is fixed to the ratio of the ring and sun diameters; this is not a constraint for CMGs, as their ratio is determined by magnetic circuit design, which is only indirectly influenced by the diameters. More generally, it's not clear as to how the mass of magnetic gearing compares to mechanical gearing at various torque levels and gear ratios. The prototypes presented here show that the CMG can be mass-competitive at a relatively small-scale, but there is no theoretical basis or data set that enables this comparison to be extrapolated. This type of scaling information is important for identifying which applications are most suitable for the technology. A detailed study of the design tradeoffs associated with gear ratio would be insightful. Another existing limitation related to minimizing mass is the significant reduction (typically 20% to 40% [22] ) in torque capacity that results from unintended axial leakage of magnetic flux. A better understanding is needed of how to design low-mass CMGs that also have low flux leakage.
Pushing the technology to higher speeds (in the 1,000s of rpm) while maintaining, or even improving, efficiency brings additional challenges. For CMGs to be competitive for aeronautics applications, it is likely that they will need to be at least as efficient over their entire operating envelope as the motors considered in system-level studies of concept aircraft (about 95% to 99% efficient). There are examples of prototypes that exhibit efficiency in this range but only for speeds in the 10s to 100s of rpm. Research is needed on high speed efficiency modeling and characterization of magnetic gears, as well as the efficacy and tradeoffs of various loss reduction strategies (e.g., laminated magnets, ceramic magnets). Unless power loss can be kept very low, adequate heat dissipation will be critically important at high speed to ensure that magnets don't demagnetize. This issue should be considered fairly early in the design process. As speed increases, centrifugal and vibratory forces become significant. This is particularly important for the structure of the modulator and sun. Many CMGs utilize carbon fiber hoops to contain these components. At high speeds, this approach requires relatively thick hoops that limit performance by increasing the magnetic gaps. Further research on alternative containment designs can help to minimize the impact of speed on torque capacity. Also, more test data is needed to understand the high speed limits on efficiency for different materials systems.
Research at NASA
This section describes the recent and ongoing magnetic gearing research at NASA. Phase one of NASA's 2-1/2 year project on magnetic gearing was recently completed. The objective of phase one was to gain a core understanding of the technology and increase the specific torque. To accomplish this objective, two prototypes were built. The first (PT-1) was developed quickly with the goal of gaining practical magnetic gear design and manufacturing experience. The second (PT-2) was developed more methodically with the goal of maximizing specific torque. An overview of the development and a summary of the performance of these prototypes is provided here. For a detailed discussion and a complete list of lessons learned, refer to [15] . After the discussions about the prototypes, the development and capabilities of a new rotating test rig is discussed in detail.
Prototype Development
The prototypes were both loosely tailored to NASA's X-57 Maxwell aircraft's high-lift propulsors. Accordingly, their outer diameter was constrained to 152 mm and the structural components were designed to achieve an output speed of 4,500 rpm. A gear ratio of 4 was chosen to significantly reduce the torque, and thus mass, of the drive motor for each propulsor.
To support the rapid development of PT-1, it utilizes off-the-shelf magnets (N52 neodymium), electrical steel laminations in the modulator, and 3D printed structures (nylon-carbon fiber composite). The 3D printed material has sufficient strength and stiffness for this prototype, but it isn't suitable for a final design, because the printing tolerances are inadequate for minimizing physical gaps.
The design and components of PT-1 are depicted in Fig. 4 . Two key design lessons were learned from this prototype. First, the use of off-the-shelf magnets lead to large magnetic gaps between adjacent magnets in the sun. Unsurprisingly, these gaps reduced the magnetic performance. Second, magnetic forces during assembly had a significant impact on the procedure. To avoid excessive deformation of some structures during assembly, the modulator, sun, and ring were first assembled individually and then the subassemblies were integrated. Shims were used between components during integration to prevent the magnets from contacting the pole pieces.
A multi-stage parametric study was used to refine the design of PT-2 and optimize its specific torque. Custom-shaped magnets were utilized to enhance the magnetic response. The design process revealed that the optimal thickness of the magnets and modulator are controlled by the thickness of the magnetic gaps. However, the minimum achievable magnetic gap is governed by the mechanical design. Consequently, mechanical design features that enable thinner magnetic gaps can improve specific torque. A cross section and image of PT-2 are shown in Fig. 5 . 
Prototype Performance
The mass and quasi-static performance of the prototypes is summarized in Table 1 . The measured torque capacity of PT-1 is 35% lower than the 2D prediction. This level of degradation is reasonable considering the low length-to-diameter aspect ratio of PT-1 [22] . The assembly of PT-2 was just completed prior to publication of this paper. A preliminary static torque capacity measurement was obtained by fixing the sun (input shaft) and ring while rotating the modulator (output shaft) until it slipped from one magnetic pole to the next. The peak torque was recorded. Using this measurement, the preliminary specific torque of PT-2 is 44.7 Nm/kg, which is over double that of PT-1 (20 Nm/kg). The primary design changes that led to this improvement are (a) the use of magnets shaped like annular wedges, which reduced the magnetic gaps between adjacent magnets, especially in the sun, (b) a unique containment structure for the modulator's magnetic lamination stacks that reduced the magnetic gap between the modulator and ring, (c) the specific flux of the Halbach magnet arrays was increased by increasing the number of magnets in each array from 4 to 6 and using radially-thinner, circumferentially-shorter, and higher pole count arrays, (d) thinner pole pieces that increased flux coupling and reduced mass. To understand how the performance of these prototypes compares to mechanical transmissions, Fig. 6 plots the specific torque of each prototype along with 61 aircraft transmissions (49 rotorcraft and 12 fixed wing aircraft), as well as a trend line that fits the aircraft data. The transmission data set was previously published in a different form for mass estimation [23] . The mass values used to compute specific torque include both the gearbox and lubrication system. As torque capacity reduces, aircraft transmissions become significantly less mass efficient. This strong trend motivates additional scaling studies for magnetic gears to develop a general comparison to mechanical transmissions and to identify the applications for which magnetic gearing is most suited. The conservative estimate of PT-2's specific torque is within 13% of the extrapolated trend line for aircraft transmissions, indicating that CMGs may be competitive with mechanical gearing in the near term for relatively low torque applications, such as the drive motors for small to moderate fixed wing concepts that have electrified propulsion systems. Before a conclusive comparison can be established, more magnetic gear prototypes need to be assessed and the TRL of NASA's prototypes needs to be elevated. In particular, PT-1 and PT-2 were not designed for continuous operation (heat transfer was neglected). Also, the suitability of a gearing technology for aeronautics applications also strongly depends on its efficiency. The magnetic gearing literature has established that highly efficient (> 99%) designs are possible, but more work is needed to determine if a sufficient combination of specific torque and high efficiency can be simultaneously achieved.
Test Rig Development
The purpose of the test rig is to study the components of an electrified drivetrain, including co-axial magnetic gears and electric motors. Accordingly, the test rig has been named the E-Drives Rig. The E-Drives Rig is a rotating system driven by a 30 kW (40 hp) electric motor and loaded by an eddy current dynamometer. Below is a CAD image of the rig with the key components labeled. The E-Drives Rig is similar to a typical in-line rotating test rig, but it has three specialized features 1) Adaptability -The E-Drives Rig has a high degree of adaptability. The components are mounted onto a table that has a bolt pattern with 25.4 mm (1 in) hole spacing. This allows for the testing of a wide variety of test articles, including drivetrain components for which the input and output shafts have a parallel offset or (with minor modifications) a slight angular offset. 2) Very high precision -The primary measurement of interest is efficiency. There are multiple ways of quantifying the efficiency of a gearbox using a combination of mechanical, electrical, and/or thermal measurements. The E-Drives Rig uses the direct approach: measuring torque and speed at the input and output and calculating power and efficiency. This approach requires few components, avoids complicated or highly uncertain calibration procedures, eliminates the influence of many secondary components (e.g., motor losses, heat leak), and is minimally affected by changes in the ambient environment. However, for high efficiency systems (magnetic gears can reach 99%), it is difficult to measure torque and speed with sufficient precision to achieve a low uncertainty in the calculated efficiency due to error propagation. This issue is overcome by using the most precise torque transducers available (< ±0.02% total uncertainty in torque). The torque transducer is further discussed below. 3) Dynamic measurement -The E-Drives Rig is designed for studying vibration and transient responses. This is achieved through structural design and hardware selection. The vibration modes of the rig's rotating system that are within the measurement bandwidth will alter and obscure a measurement of the test article's dynamic response. To push the vibration modes of the rig's rotating system to higher frequencies, each component was designed or selected to be as lightweight and stiff (both torsionally and transversely) as possible. Hollow shafts of minimal length are used along with torsionally stiff disc couplings. The selected disc couplings also have zero backlash to prevent nonlinear vibration. Also, the components are installed on a vibration isolation table, which should eliminate the influence of floor vibrations and help to reduce the vibration transmitted from one component to another through the support structure. The measurement hardware for mechanical quantities was selected to permit a measurement bandwidth of 6 kHz, which will allow for the measurement of torque ripple up to a few harmonics of the expected fundamental electrical frequency of the CMG's high speed rotor. The key specifications of the E-Drives Rig are summarized in Table 2 . The tabulated uncertainties for power and efficiency were calculated using error propagation equations that consider the uncertainty in the measured quantities from which the power and efficiency are calculated as well as the influence of the calculation itself [24] . These uncertainty calculations assume a speed measurement uncertainty of ±0.01%, which is a reasonable assumption for a high precision encoder measurement. A future publication dedicated to the development of this rig will include updated calculations with actual speed measurement uncertainties. Measurement bandwidth, kHz 6
Operating the E-Drives Rig involves controlling the motor's speed and the dynamometer's torque or power. Motor control is accomplished with an industrial variable speed AC drive and its associated programmable logic controller. The dynamometer is excited by the current output from a linear amplifier. The amplifier is commanded by a real-time control system to control the dynamometer in a closed loop; the loop is closed by feeding back the torque measured by adjacent precision torque transducer rather than the dynamometer's built-in torque sensor, which has only modest precision.
Multiple options exist for loading a drivetrain. An eddy current dynamometer was selected, because it provides adequate torque over a range of speed that can emulate moderate to high speed propellers (about 1,000 to 4,000 rpm), has a high maximum rotational speed, and is relatively compact. The downside of this option is that its torque capacity decays quickly as speed is reduced below 1,000 rpm, such that it has limited usefulness below about 650 rpm. Some aircraft concepts with electrified propulsion systems have propellers that spin slowly (about 400 to 1,000 rpm) to limit community noise. For emulating these loads, it may be necessary to replace the eddy current dynamometer with a magnetic hysteresis dynamometer or a generator.
Several digital signals (torque, speed, and average power) and analog signals (temperature and vibration) will be measured under transient and steady-state conditions for motor speeds up to 22,000 rpm. Except for the temperature signals, the analog measurements are recorded at 20 kHz. Each signal is passed through an anti-aliasing filter prior to aquisition. For testing magnetic gears, the core measurements are efficiency and torque (capacity, ripple, and response to overload) as functions of the rotational speed. As explained above, very high precision sensors were selected for these measurements. To achieve the high precision, the torque transducers are telemetry-based (non-contact) and have frequency outputs rather than typical voltage outputs. Instantaneous power and efficiency can be calculated from the torque and speed signals up to the transducers' bandwidth of 6 kHz. The transducers also output a power signal at a low sampling rate, which can be used for calculating average efficiency with higher precision than the instantaneous efficiency. Accelerometers are used to measure the translational vibration of the test rig and test article and can be used to observe the vibration signatures of the prototypes. A triaxial ICP accelerometer with 7 kHz bandwidth is stud mounted to the top of each bearing housing to monitor the health of the bearings and to detect excessive vibration. Two or more unidirectional ICP accelerometers with 10 kHz bandwidth will be stud mounted to the outer surface of the test article's housing. Since the bearing housings are located between the torque transducers and the test article, the calculated efficiencies will include bearing losses. Despite reducing these losses through the use of super precision hybrid ceramic bearings with low contact angle, the bearing losses are expected to be appreciable (relative to the low uncertainty in efficiency) within a portion of the operating space. To mitigate this concern, the bearing losses will be measured for a variety of temperature and speed conditions without a test article installed. This tare loss will be subtracted from calculated efficiencies to determine the efficiency of only the test article. To improve the determination of the tare loss, the temperature of each set of bearings will be measured with a spring-loaded resistance temperature detector that maintains contact with a bearing's outer race throughout operation of the rig. The electrical measurements include the aforementioned control signals for the motor and dynamometer and monitoring signals for the dynamometer's amplifier.
To correctly compensate for misalignment in the driveline, one dual flex coupling is required between adjacent components that are rigidly mounted to the support table. Several types of flexible couplings are available. Here, disc couplings were selected, because they provide the best combination of characteristics: excellent torque-to-outer-diameter ratio, high torsional stiffness, excellent speed capability, zero backlash, and low reactionary loads due to misalignment. The only notable downside is that disc couplings have low misalignment capability. This is important, because it constrains the allowable runout of the test article's shafts, making their design and fabrication more challenging.
Conclusions and Future Work
Magnetic gearing is an alternative to mechanical gearing, where torque is transferred through magnetic force as opposed to contact force. The technology has the potential to be used in aircraft applications, without the lubrication, noise, and maintenance issues associated with mechanical gearing. NASA has initiated a 2-1/2 year project to establish a core competency and advance this technology.
This paper summarized the progress made in the first six months of the project, where the torque-to-mass ratio (specific torque) of concentric magnetic gear (CMG) technology was examined. This was done through the development of two small-scale (< 152 mm diameter) prototypes. Prototype 1 (PT-1) was developed rapidly to gain an understanding of design and fabrication issues. Its predicted specific torque (2D finite element simulation) was 31 Nm/kg while its measured value was 20 Nm/kg. Prototype 2 (PT-2) was developed using a multi-stage parametric study to achieve a design with near optimal specific torque. The predicted specific torque and preliminary measurement of PT-2 are 61 Nm/kg and 44.7 Nm/kg, respectively. To begin understanding how suitable CMGs are for aeronautics applications, the specific torque of PT-1 and PT-2 were compared to several rotorcraft and fixed wing mechanical transmissions. The preliminary specific torque of PT-2 was found to be within 4.2% of the extrapolated trend line for the aircraft transmissions, indicating that CMG technology is viable for aeronautics, at least for low torque applications. Several design tradeoffs were established, as detailed elsewhere [15] . It was found that magnetic gaps dictate the achievable specific torque and the optimal geometry for the magnetic components. Moreover, the magnetic gaps are controlled by the shape of magnets that are used and the structure that holds and contains the magnetic components. Hence, specific torque can be further improved if (a) custom-shaped magnets are utilized and (b) if novel structural designs are implemented to minimize the containment structure located in the magnetic gaps or to improve the integration of magnetic and structural components.
The development and capabilities of a new rotating test rig called the E-Drives Rig were discussed in detail. The purpose of the test rig is to study the components of an electrified drivetrain, including co-axial magnetic gears and electric motors, in a rotating system. The E-Drives Rig is a 30 kW (40 hp) rotating driveline driven by an electric motor and loaded by an eddy current dynamometer. Its unique or less common features include (1) the ability to test a wide variety of test articles via a highly adaptable placement of the motor, dynamometer, and bearing housings, (2) the ability to directly measure the mechanical efficiency of the test article with very high precision (around ±0.1% uncertainty), and (3) the ability to measure dynamic responses and mechanical vibration of the test article up to high frequencies with minimal influence from the test rig. The key specifications of the E-Drives Rig were discussed along with the rig's control system, the collection of measurements that will be obtained, and important decisions on design and hardware selection.
NASA's future research and development of magnetic gears will continue with phases two and three of the aforementioned 2-1/2 year project. The second phase will focus on reducing the detrimental effect of high speed operation on the efficiency and specific torque of magnetic gears. Specifically, the research will focus on three aspects: data, design, and materials. The current lack of data at high speed operation will be addressed by using the E-Drives Rig to measure the speed dependence of torque, efficiency, vibration, and temperature. Design studies will be conducted to reduce the source of the key high speed loss mechanism (eddy currents) and to reduce magnetic gaps with novel design and manufacturing solutions for magnet and modulator containment. An exploration of alternative or laminated magnetic materials and electrically-insulating, thermally-conductive structural materials will be carried out. The third phase of the project will explore the integration of magnetic gears into motors. This will include application to short haul and urban air mobility aircraft.
